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A  NKVV  TYPI'  OK  CATALYSIS.     THIv  ACCI<LI'RATU)N 

BY  CHROMIC  ACID  OF  THK  REACTION  BKTWKI- N 

BROMIC  AND   HYDRIODIC   ACIDS 


BY   ROBERT   M.    CLARK 

The  catalytic  action  of  chromic  acid  on  the  rate  of  oxida- 
tion of  hydrogen  iodide  by  bromic  acid  was  discovered  b\- 
Ostwald  in  the  course  of  his  "Studien  zur  chtmischen 
Dynamik;'"  and  when  my  own  work  had  cleared  up  the 
kinetics  of  the  reaction  in  question,'  I  entered  on  a  detaik'd 
investigation  of  this  case  of  catalysis,  which  has  yiekltd  some 
very  remarkable  results. 

The  method  of  carrying  out  the  measurements,  tl  slock 
solutions,  and  the  units  employed  in  recording  tli.  results, 
are  all  as  described  in  my  previous  paper,  with  the  addition 
of  a  solution  of  potassium  bichromate,  0.1667-F,  and  another 
o.aoi25i-F,  which  were  standardized  against  ihe  acid  by  means 
of  a  solution  of  caustic  potash  and  phenolphthalein.  Ii  tl  o 
tables  the  number  of  cubic  centimeters  of  0.00125-F  bichro- 
mate'' is  given  under  Cr. 

As  in  the  reaction  between  bromic  and  hydriodic  acids, 
tlie  presence  of  air  had  no  material  efTect  on  the  results  of  the 
measurements;  and  small  quantities  of  iodine,  such  as  are 
liberated  during  the  reaction,  exerted  little  or  no  effect  on  the 
rates. 

EFFIiCT  OF   THE   BICHROMATE   ON   THE   RaTE 

The  fact  tliat  the  increased  liberation  of  iodine  in  presence 
of  chromic  acid  is  not  accompanied  by  a  proportional  reduc- 
tion of  the  latter  was  observed  by  Ostwald,  who  found  also 
that  the  increase  in  rate  is  proportional  to  the  concentration 
of  the  chromic  acid.  Boih  these  condusio"  -  are  supported 
by   the  measurements  of   Table   I.     In   the   first   phxe,   the 

'  Zeit.  phys.  Clieni.,  a,  138  ( 1888). 

'Jour,  riiys.  Cliem.,  10,  679  ( 1906). 

'  0.001  J5  grain-forniula-weights  KXr^O;  per  liter. 
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Table  I 
KBrO,,  20.5;  KI,  98.67:  HCl.  95-15;  Vol.,  250CC;  Temp.,  30"  C. 

Ac/Cr 


/ 

Cr 

3t 

x' 

Ro 

i 

! 
0.038 

Ac/Cr 

10 

Cr 
0 

X 

X' 

R. 

5 

0 

ai9 

0.19 

0.38  a385 

0.038 

5 

2 

0.35  0.354 

0.071 

0.017 

ID 

2 

0.70  0.71 

0.071 

5 

4 

0.50  a505 

0.10 

0.015 

10 

4 

0.95  0-97 

0.097 

5 

6 

0.65  0.659 

0.13 

0.015 

10 

6 

1.25  1.-8 

ai3 

5 

10 

0.97  0.98 

0.20 

0.016 

10 

10 

1.92  1.99 

0.20 

5 

12 

1. 17    I.20 

0.24 

0.0  !  7 

10 

12 

2.30  2.40 

0.24 

5 

14 

1.29  1-33 

0.27 

0.016 

10 

14 

2.55  2-67 

0.27 

5 

16 

1.A8  1.52 

0.30 

0.016 

10 

16 

2.90  3.14 

0.31 

,S 

18 

1.04  1.70 

0.34 

0.017 

10 

18 

3-22  3-39 

0.34 

5 

20 

1.83 

1.89 

0.38 

0.017 

10 

20 

3-55 

2>.n 

0.38 

0.016 
0.015 
0.015 
0.016 

0.017 
0.018 
0.017 
0.016 
0.017 


values  of  x'  for  /  =  10  are  just  double  those  for  /  =  5.  there- 
fore no  perceptible  diminution  in  the  concentration  of  the 
bichromate  (reduction)  can  have  occurred  in  the  inter%ral. 
In  the  second,  the  rate  of  liberation  of  iodine  {R^  is  not 
proportional  to  the  concentration  of  bichromate,  but  the 
acceleration : 

Ac^R^~R^{Cr^o) 

is;  this  is  shown  by  the  constancy  of  the  quotient  Ac/Cp,  and 
graphically  in  Fig   i.     The  experiments  of  Table  II,  more- 
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Tablk  II 
KBrO,,  20.5:  KI,  9867:  HCl,  9.s-'^:  ^r,  2.0;  Vol.,  250CC; 


Teilli"..  30°  C. 


X' 


Ro 


n.(i8o 


240  IV9S.  '407.  avenige  14."!  '9-83  '^•f'S.^ 

3,«  16.3.V   16.33.       "         16-33  24.65  0-082 

24.65  —  19.83 
300  —  240 

over,  show  liiat  even  after  the  reaction  had  proceeded  for 
fou'  hours  during  which  the  additional  iodine  hberated  be- 
cause of  the  pre>  ?  of  the  bichron.ate  was  oxidinieti  ally 
eciuivalent  !o  56  p  ?nt  of  the  latter,  there  was  no  diminution 
in  the  rate  of  uberation  of  iodine  except  that  due  to  the  fall 
in  the  corvynirations  of  the  broirate,  iodide  ar.d  acid,  which 
v;:s  allowe  !  ior  in  con  puting  Rq. 

UKKECT  01.  Tiii;  Concentrations  of  Bkomate,  Ic)Dide  and 
Acid  on  the  Rate 
Systematic  n.casurements  were  undertaken  to  ascertam 
the  effect  of  changes  in  the  concentration  of  each  of  the  re- 
agents in  turn,  on  the  rate  of  liberation  of  iodine.  The  resuls, 
which  are  contained  in  Tables  III-VI,  show  that  the  rate  is 

Table  III 
KBrO,.  20.5;   KI,  98.67;  HCl,  95-J5;  Vol.,  250CC;    Temp.,  30°  C; 


Cr 


.»■' 


Cr 


0 

0.19 

0.19 

0.038 

18 

1.64 

1.70 

0.34 

I 

0.25 

0.253 

0.05 

20 

1.83 

1.89 

0.38 

2 

0.35 

0.354 

0.07 

30 

2.70 

2.83 

057 

3 

0.40 

0.404 

0.08 

40 

3-.-0 

3-71 

0.74 

4 

0.50 

O.;,o5 

0.10 

50 

4-35 

4.69 

0.94 

6 

0.65 

0.659 

0.13 

60 

.'•25 

5-74 

I- 15 

8 

0.81 

0.82 

0.16 

70 

6.07 

6.73 

1-35 

'O 

0.97 

f).98 

0.20 

80 

6.95 

7.82 

■•56 

i2 

1. 17 

1.20 

0.24 

90 

7-65 

8.71 

1.74 

14 

29 

1-33 

0.27 

100 

8.35 

9-73 

1-95 

16 

1.48 

1-52 

0.30 

m 
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Table  IV 
KBrO,,  20.5  X  /;  KI,  98.67;  HCl,  9515:  Vol.,  250CC;  Temp.,  3o°C 


Cr 


/ 


5   I 

10 

2 

2.00 

2.07 

0.41 

5 

12 

2 

2.33 

2.42 

0.48 

5 

14 

2 

2.60 

2.71 

0.54 

5 

16 

2 

2-95 

3.10 

0.62 

5 

18 

3 

3-27 

3-45 

0.69 

5 

20 

a 

3-57 

378 

0.76 

5 

6 

3 

2.01 

2.02 

0.40 

5 

10 

3 

2.87 

3-OI 

0.60 

5 

14 

3 

3-82 

4.06 

0.81 

10 

18 

2 

6.30 

7.01 

0.70 

10 

20 

2 

6.80 

7.61 

0.76 

Table  V 
KBrO,,  20.5:  KI,  98.67  -  /;  HCl,  95.15;  Vol.,  250CC;  Temp.,  30° C 


Cr 


/ 


X' 


5 

ID 

a 

2.00 

2.07 

0.41 

5 

12 

2 

2.^2 

2.41 

0.48 

5 

14 

3 

2.58 

2.68 

O..S4 

5 

16 

2 

2.94 

3.06 

0.61 

5 

18 

2 

3.24 

3-40 

0.68 

5 

20 

2 

3.58 

3- 7  7 

0.76 

5 

6 

3 

2.00 

2.01 

0.40 

5 

10 

3 

2.87 

2.99 

0.60 

5 

»4 

3 

3.80 

4.00 

0.80 

10 

16 

2 

5- 70 

6.23 

0.62 

10 

18 

2 

6.30 

6.93 

0.69 

10 

20 

2 

6.79 

7-.52 

0.75 
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Tablr  VI 
KBrO,.20.5;  KI,  98-67;  HC1,95-«5X2;  Vol.,  250 cc;  Temp.,3o°C; 

/-5 


'cr        ! 

X 

X' 

1st  appz. 

2nd  appz. 

Ro 

0 

0.90 

0.91 

2.00 

2.00 

0.18 

2 

1. 17 

1.19 

1.72 

1.73 

0.24 

4 

1.48 

1-51 

1.58 

i.5» 

0.30 

6 

1.86 

1.91 

1-52 

1-53 

0.38 

8 

2.22 

2  30 

1.45 

1.49 

0.46 

10 

2.58 

2.68 

1. 41 

1-44 

0.54 

12 

2.97 

3.!o 

1-35 

••37 

0.62 

>4 

3-27 

3-42 

I  34 

1.36 

0.68 

16 

3.61 

3.83 

1.29 

1-32 

0.77 

18 

3-96 

4.21 

1.27 

1.30 

0.84 

20 

430 

4.60 

1.23 

1.28 

0.92 

30 

6.05 

6.63 

I. It) 

1.22 

1-33 

40 

7-44 

8.32 

1.09 

I-I3 

1.66 
2.06 

50 

9.<x) 

10.30 

1.03 

1. 12 

60 

10.30 

12.04 

0.97 

1.07 

2.41 

70 

11.50 

14.17 

0.93 

1.05 

2.83 

80 

1 2.95 

15-71 

0.90 

I.OI 

3-«4 

^ 

14  19 

17-63 

0.89 

1. 01 

3-53 

100 

15.22 

19.24 

0.87 

0.96 

3.85 

proportional  to  the  concentration  of  the  bromate  and  to  that 
of  the  iodide  (the  same  as  in  absence  of  chromate) ;  but  that 
the  efect  produced  by  changing  the  concentration  of  the  acid 
depends  on  the  amount  of  bichromate  present. 

The  experiments  of  Table  III  serve  as  standard  for  com- 
parison, while  in  the  other  three  the  concentrations  of  bromate, 
iodide  and  acid  respectively  were  multiplied  by  the  variable 
factor  /.     Under  R^  in  the  last  column  is  entered  the  "initial 

rate" 

R^  --=  dxmx  --=  o)  ^-  x't 

that  is,  the  nuinlier  of  cubic  centimeters  of  hundredth-normal 
iotUne  liberated  per  minute  in  a  solution  of  the  comiKjsition 
indicated  at  the  head  of  the  table. 

Mcthixi  o/iompiiiing  x'  and  n 
The  general  differential  o<|uation  connecting  the  rate  of 
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liberation  of  iodine  with  the  concentrations  of  the  reagents 
may  therefore  be  written: 

dx\dt  =  A:(.4  —  *)(5  —  x){C— *)«(/  -f  M.Cr)  (i) 

where  .4,  B  and  C  are  the  concentrations  of  the  bromate, 
iodide  and  acid  respectively,  and  n  depends  on  the  concentra- 
tion of  the  bichromate;  K  and  A/  are  constants. 

By  comparing  the  iodine  readings  (x)  from  Tables  III 
and  VI,  in  the  latter  of  which  the  concentration  of  the  acid 
was  double  that  in  the  former,  a  first  approximation  to  the 
values  of  n  was  obtained : 

^    .    j.^             %  X  ( TaiU  VI)  -  log  X  (  Tad/e  ///) 
n /irst  approx.  =  -^ j^ (2) 

The  values  so  computed  are  entered  in  Table  VI  under 
"n  first  approx."  These  approximate  values  were  then 
introduced  into  Equation  (i),  which  was  integrated  by  series, 
and  used  to  obtain  a  first  approximation  to  the  values  of 
x'  for  Table  VI. 
x' -- KABC'l{r -lrMCr)=x+  (rl2.4  r  /l^ff  4  nl^Q^  + 

tljA^      1I3B'  J  «'  ^  ni^r*  -f  lijAB-^  «/.?-4C+  uljBQx'  (j,^ 

A  second  approximatio  .  to  the  true  value  of  n  was  then 

made,  using  x'  (Equation  3)  in  place  of  x  in  Equation  (2); 

the  numbers  so  obtained  are  entered  under  "n  second  approx" 

in  Table  VI.     Fig.   2  shows  these  values  of  n  plotted  as  a 
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function  of  Cr.  When  Cr  =  o,  the  rate  is  proportional  to  the 
second  power  of  the  concentration  of  the  acid;  on  addition  of 
potassium  bichromate  the  power  diminishes  until  Cr  =  80, 
when  the  rate  is  proportional  to  the  first  power  of  the  con- 
centration of  the  acid,  and  the  curve   (Fig.   2)   becomes  a 

straight  line.  .  ,,   tt 

In  Ostwald's  "Lehrbuch  der  Allgememen  Chemie      11 
(2),  p  262.  that  author  says:  "So  long  as  the  catalyser  is  neither 
altered,  formed,  nor  destroyed  by  the  reagents  or  products 
of  the  reaction,  its  influence  is  exerted  only  on  the  value  of 
the  velocity  constant,  and  not  on  the  character  of  the  kmetic 
equation."    The  present  case  is  evidently  an  exception. 
Interpretation  of  the  Results 
These  results  may  be  expressed  by  assuming  that : 
(i)  In    solutions    containing    bromate,  bichromate    acid 
and   iodide,   two   reactions   take   place   simultaneously,   both 
resulting  in  the  liberation  of  iodine. 

Hi)  The  rate  of  the  first  reaction  is  proportional  to  the 
concentrations  of  the  bromate,  and  iodide  and  to  the  square 
of  that  of  the  acid;  while  that  of  the  second  is  proportional 
to  the  concentrations  of  bromate,  iodide  and  acid,  and  slightly 
less  than  proportional  to  that  of  the  bichromatf. 

{in)  The  second  reaction  takes  place  without  proportional 
reduction  of  the  bichromate. 

The  corresponding  kinetic  differential  equations  are : 
dxrf/      /<:,M-x)(5-t)(C~j)',  and 
drrf/-   K,{A-x){n-x){C-x)Cr 
and  the  rate  at  which  iodine  is  liberated  in  the  solution: 

dxdi      {A-x){B-x){C-c){K^-~x  ■   K,Cr^  (4) 

The  values  of  the  two  constants  in  this  eiiuation  were 
calculated  from  the  two  experiments  of  Table  VI  in  whicli 
Cr  =  o  and  Cr  =  100  respectively;  they  are,  K',  -  645  X  10  " 
and  K  ~  333  X  lo-".  Vhe  change  of  n  with  the  concen- 
tration'of  the  bichromate  (Table  VI  and  Fig.  2)  is  in  quan- 
titative accord  with  these  assumptions,  as  may  be  seen  by 
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comparing  the  values  of  "n  second  approx"  in  Table  VI  with 
those  calculated  from  the  equation:' 

n  calc        '"^'^'^^ ^  +  ^'^'^  ~  '"•^^^•'^ "^  ^'^''^  +  /        (5) 

log  J 

Temperature  Coefficient 
In  order  to  find  the  temperature  coefficients  of  the  rates 
involved,   I  repeated  the  experiments  of  Table  IV  at  zero. 
(See  Table  VII.) 

Table  VII 


Cr  H,  3(1  appx.        n  calc. 


Cr  n,  ad  appx.        n  calc. 


o 

2.00 

2.00 

20 

1.28 

1.26 

2 

1-73 

1-75 

30 

1.22 

I.!9 

4 

1.58 

1.62 

40 

I.I3 

1. 12 

6 

1-53 

1-53 

50 

1.12 

I. 11 

8 

1.49 

1.47 

60 

1.07 

I. ID 

to 

1.44 

1.41 

70 

1.05 

1.09 

12 

1-37 

1-37 

80 

1. 01 

1.07 

H 

1.36 

1-34 

90 

I.OI 

1.06 

i6 

1.32 

1.30 

100 

0.96 

1.04 

i8 

1.30 

1.28 

Under  "coeff"  is  entered  the  temperature  coefficient, 
that  is  the  oube  root  of  the  ratio  of  the  two  rates  R^  at  30° 
and  at  0°.  The  coefficient  varies  with  the  amount  of  bichro- 
mate present,  as  is  shown  graphically  in  Fig.  3;  the  similarity 
between  this  curve  and  that  of  Fig.  2  furnishes  another  argu- 
ment in  support  of  the  assumption  of  two  simultaneous  re- 
actions. The  coefficient  falls  off  gradually  as  the  quantity 
of  bichromate  increases  imtil  Cr  =-  60,  when  it  biv.omes 
constant  at  1.19;  this  may  be  taken  as  the  temperature  coeffi- 


'  In  Table  VI  the  concentration  of  the  acid  was  twice  that  in  Taiile  III  ; 
hence,  comparing  values  of  R^  from  ex|)erinieiits  in  which  tl'e  concetitralion  of 
bichromate  was  the  same, 

R,  (  Table  (7) 

h\[raMeffl) 

A",  (  Tahlf  I'f) 

/{^(rahlelll^ 

Hquation  s  if    .Gained  by  equating  these  two  expressions  and  taking  the  lu);a- 
rithms  ;  ("refers  to  the  acid  of  Table  III. 


by  Equation  ( i ) 
by  Equation  (4) 
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cietit  of  tlic  second  reaction  of  page  350,  while  that  of  the 

first  is  1.85. 

Tahle  VIII 

KBrO,   20.5:  KI.  9S.67;  HCl,  190.3;  Vol.,  250CC;  Temp.,  o°C; 

/=5 


Cr 


R„ 


Coeff. 


O 

4 

6 

8 

10 

13 

«4 
16 
18 
30 
30 

40 
50 
60 
70 
to 
90 
too 


a3o 
0.63 
0.85 
1.05 

1.25 

T.42 
1.76 
1.91 

2.10 

.V29 
4-45 
5-45 
6.45 
7-25 
8.15 
9.00 
9.72 


0.30 

0.63 
0.87 
1.07 
1.27 
1.45 
1.8) 

1.95 
2.16 

3-45 
4.75 
5.91 
7.09 
8.08 
9.18 
to.28 
It. 24 


1.85" 

0  vj6 

1.71 

0.13 

1.43 

0.17 

1.40 

0.21 

1.37 

0.25 

1-35 

0.29 

1.33 

0.36 

1.29 

0.39 

1.29 

0.43 

1.28 

0.69 

1.24 

o.9.'5 

1. 21 

1. 18 

:.20 

1.42 

1. 19 

1.62 

t.19 

1.84 

1. 19 

2.06 

I. -9 

2.25 

i.ty 
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Chromic  Acid  and  the  Analogous  Reactions 
The  diflficul  }  of  inventing  any  hypothetical  mechanism 
to  explain  the  part  played  by  the  bichromate  is  enhanced  by 
the  circumstance  that  this  case  stands  alone.  Mr.  Dushman* 
has  shown  that  potassium  birliromate  is  without  action  on  the 
rate  of  the  reaction  between  iodic  and  hydriodic  acids;  and  by 
means  of  a  few  measurements  I  have  ascertained  that  tht 
lates  of  the  reactions  between 

Iodic  and  hydiol)romic  acids 

Bromic  and  hydrobromic  acids 

Cliloric  and  hydroi)roniic  acids     and 

Chloric  and  hydriodic  acids 
are  likewise  uninfluenced  by  the  presence  of  potassium  bi- 
chromate. 

Summary 

(i)  Addition  of  potassium  bichromate  to  a  solution 
contai  ling  bromic  and  hydriodic  acids  brings  a  new  niction 
into  operation,  which  consists  in  the  liberation  of  iodine  at  a 
rate  proportional  to  the  concentrations  of  the bromate,  iodide, 
bichromate  and  acid,  without  reduction  of  the  bichromate. 
The  normal  reaction,  whose  rate  is  proportional  to  the  con- 
centration of  the  bromate  and  iodide  and  to  the  square  of 
that  of  the  acid,  goes  on  unaffected  by  the  presence  of  the 
bichromate. 

(2)  The  processes  of  oxidation  of  hydriodic  and  hydro- 
bromic acids  by  the  oxyacids  of  the  halogens,  other  than  that 
of  hydriodic  by  bromic  acid,  arc  not  affected  by  the  presence 
of  potassium  bichromate.  Although  in  other  respects  the 
members  of  this  group  of  reactions  resemble  one  another 
closely  from  the  kinetic  point  of  view  as  well  as  from  that  of 
pure  chemistry,  the  analogy  fails  at  tl.is  point. 

In  both  respects  this  case  of  catalysis  is  uniqtic. 

I  desire  to  express  my  thanks  to  Prof.  \V.  Lash  Miller, 
under  whose  direction  these  measurements  were  carried  out 
in  the  winter  of  1904-5. 

'  Jour.  Miys.  Clieiii.,  8,  4,S3  (  I9'^4). 
The  I  niversity  of  Toroiilo 
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